Two five-litre activated sludge (AS) bioreactors were operated for several months to demonstrate potential mill applications of a four-assay set, which has been proposed as a tool for monitoring the health of the AS microbial population. The set consists of three specific oxygen uptake rate (SOUR) determinations at different substrate concentrations (SOURat, SOURnmax and SOURtox where at, nmax and tox are defined as aeration tank, near maximum, and toxic, respectively), and a specific adenosine triphosphate (SATP) assay. Two disturbances were applied at different times to an AS system treating kraft effluent. First, temperature was increased from 25 to 40°C, and second, a black liquor spill was simulated. The data before, during, and after these disturbances were statistically analyzed. From this analysis, we concluded that the four-assay set could be used as a microbial health characterization (MHC) tool. It allows an operator to correlate microbial changes with operating data over a mediumterm time scale. We compared the values obtained during periods of upset in the system treating the kraft effluent, to the baseline data set determined from stable operation periods. This demonstrated how the four-assay set could be used as a biological early warning (BEW) tool. It allows a treatment system operator to make appropriate adjustments immediately after detecting values that fall outside the baseline data range.
Introduction
In order to comply with effluent discharge regulations, most Canadian pulp and paper mills have now installed biotreatment systems. Most of these systems, which are predominantly activated sludge, have been successful since their installation in removing biochemical oxygen demand (BOD). Recent surveys (O'Connor 1998; Naish et al. 2000) have also noted improvements in acute toxicity removal, although many treatment systems are still experiencing periodic or chronic upsets, often resulting in total suspended solids (TSS) discharges (see Glossary of Terms).
The microorganisms in activated sludge systems not only have to be effective in degrading pollutants, but they must also maintain an equilibrium in their relative abundance and types, in order to perform efficient-ly in the sludge separation step of the process. The microbial floc structure determines the characteristics of sludge settling (Wilén and Balmér 1999; Nielsen and Keiding 1998) . Any stresses on the microbiology of the system can destroy this fragile equilibrium and lead to TSS discharges, or to a decrease in the purifying performances of the system (Wilén and Balmér 1999; Jenkins et al. 1993; Bitton 1994; Wanner 1994) .
Many operational parameters (hydraulic retention time [HRT] , sludge retention time [SRT] , dissolved oxygen [DO] , pH, etc.) and results of laboratory tests (BOD, chemical oxygen demand [COD] , TSS, sludge volume index [SVI] , etc.) are used at the mill to control the effluent treatment system (Gray 1989) . Although these parameters and lab results provide enough information to characterize the success of the operation, not much is revealed about the general health of the microbiology of the system. In order to provide the industry with a practical tool for assessing the health of the activated sludge, a method using a combination of three specific oxygen uptake rates (SOUR) at different substrate concentrations along with the specific adenosine triphosphate (SATP) measurements has been developed and named the four-assay set (Archibald et al. 2001) . SOUR and SATP measurements have been used for many years to assess microbial health (Weddle and Jenkins 1971; Solyom et al. 1976; Spanjers 1998; Jorgensen et al. 1992; Arretxe et al. 1997) . However, the four-assay set is innovative by its approach of combining different SOUR measurements, which when compared to each other give additional information. The first and second SOUR assays measure the working aeration tank respiration rate (SOURat), which is determined directly on a sample taken in the aeration basin, and the near maximum respiration rate (SOURnmax), which is determined by adding 10% (v/v) of influent to the aeration tank sample. The SOURnmax is then a rate equalling 60 to 90% of the maximum oxygen uptake capacity of the biomass. The ratio SOURat over SOURnmax provides information on the capacity of the system used at any specific time. The third specific oxygen uptake rate, SOURtox, is determined by adding 50% (v/v) of influent to the aeration tank sample. The SOURtox is then defined as a rate equalling 90+% of the biomass capacity to consume O 2 and to degrade BOD. When compared with the SOURnmax, the SOURtox gives an indication of the toxic potential of the effluent treated in the tested system. If the ratio SOURnmax over SOURtox becomes greater than 1, the presence of toxicants in the raw effluent must be suspected. The fourth assay, the SATP, measures the specific ATP content of the biomass in mg ATP per gram dry weight of biomass. The SATP indicates the viability of the sludge.
In order to better control the activated sludge system, operators need two types of information. First, operators need to diagnose the health of the microorganisms in the system. In fact, by correlating the operating conditions or specific events with microbial health disturbances, operators can identify the causes of such disturbances. Knowing the causes, operators can then anticipate future shocks related to specific operating conditions or events and avoid situations affecting the purifying performance. In this case, the four-assay set can be described as a microbial health characterization (MHC) tool allowing a better understanding of the biological system. Second, operators require a rapid detection of shocks in order to react immediately after detection at the operational level to reduce impacts on purifying performances. The four-assay set then serves as a biological early warning (BEW) tool (Temmink et al. 1993; Herricks et al. 1991) .
To serve as a microbial health characterization tool, the four-assay set has to be applied daily (or several times a week) to monitor any changes in the trends of data over long time periods. This strategy gives a continuous portrait of the health of the microbial population of the system. The trends of the data from the four-assay set results point out changes and can be correlated to operational data. In addition, statistical analysis can be performed to confirm significant correlations. Although pointing out correlations from trends is quite useful in helping to understand the microbiology of the system, the delay is too long to react at the operational level when a shock is suspected.
To serve as a biological early warning tool for quick detection of shocks, the four-assay set results need to be compared to a reference range of data (baseline) previously determined while the system was optimized and stable. Any data outside the range established as the baseline of a system would then be due to shocks or stresses to the microbiology. This approach then allows the detection and immediate reaction to the detected stress.
The four-assay set, as applied to an activated sludge system, could thus have two possible mill applications:
1. Diagnosis of the general health of the microorganisms on a regular retroactive basis (microbial health characterization tool) and correlation with other measured parameters. 2. The immediate detection of shocks (spills, pH shocks, changes in organic/inorganic loads due to grade changes or cleaning, changes in hydraulic loads, low DO, temperature shocks) on the microbiology of the system (biological early warning tool) (Temmink et al. 1993; Herricks et al. 1991) .
A shock is defined as an isolated event, occurring during the operation of a wastewater treatment system, that affects to some extent the health of the microbial population. Microbial populations can either adapt to the shock, or deteriorate to varying extents, leading to a decrease in the purifying performance of the biotreatment system. A validation of the four-assay set for the two mill applications described above was undertaken at the laboratory scale.
Materials and Methods
The two identical laboratory activated sludge systems each consisted of a 5-L aeration tank and a 7-L secondary clarifier (Fig. 1) . The reactors were aerated and mixed using carbon-filtered air supplied through a per-forated ring of stainless steel tubing in the bottom of the aerators. The addition of feed and nutrients (NH 4 Cl and NaH 2 PO 4 /Na 2 HPO 4 ) and the wasting and recycling of sludge were done by peristaltic pumps connected to timers controlled on an on/off basis by software developed by Paprican. A BOD:N:P ratio of 100:5:1 was targeted. The pH of the mixed liquor was maintained around the targeted value by a pH controller (Pegasus), which added sulphuric acid (5M) as required. The aerator temperature was controlled to the set point by Paprican software.
Two separate trials were performed. During the first trial, the laboratory systems treated total mill effluent from a kraft mill. During the second trial, effluent from a low-yield sulphite/BCTMP/board mill was treated. The targeted operating conditions (Table 1) were chosen to mimic, as much as possible, the mill-activated sludge systems. Daily operational data were collected in order to control the systems. The general control strategy for the systems was based on the maintenance of a specific MLSS level as well as the sludge age.
The activated sludge systems were started and conditioned until stable operation was achieved. The trials started (day 1) once the purifying performances were optimized and the operational targets achieved. Trial 1 was conducted over 64 days on two identical laboratory activated sludge systems (systems 1 and 2). Trial 2 was run over 59 days with system 1 only. The trial periods were divided as shown in Table 2 . Trial 1 was to establish a reference range of SOURs and SATP data (baseline) for an optimized and stable activated sludge treating effluent from a kraft mill. Trial 1 also served to validate the four-assay set as a method to detect a temperature shock and a spill of black liquor and to diagnose microbial health. Trial 2 was conducted to establish a reference range of SOURs and SATP data (baseline) for an optimized and stable system treating effluent from a lowyield sulphite/BCTMP/board mill. This latter mill, operating a variety of processes, was chosen for its heavy load in terms of BOD and TSS. Table 3 shows the composition of feeds for both trials. The kraft effluent showed some variability in its composition possibly due to variability in the five feed supplies from the mill during the course of the trial. The low-yield sulphite/BCTMP/board effluent composition seemed more stable according to the standard deviations, probably due to only two feed supplies in the course of the trial. Since the tests were done three times a week directly on the feed tank, these measurements take into account any changes in the feed compositions during storage. As shown in Table 3 , the effluent from the low-yield sulphite/BCTMP/board mill had an average BOD load (mg/d) more than four times higher and a TSS load more than five times higher than that from the kraft mill.
Despite a certain level of variability, the systems operated, on average, close to the targets except for dissolved oxygen concentration, which according to the standard deviation (SD) was the least stable parameter ( Table 1 ). The dissolved oxygen concentration instability was due to the fact there was no automatic feedback control on this parameter. MLSS levels were determined five days a week following the standard method (APHA et al. 1992 ) modified as follows with respect to the drying step. After filtration under vacuum, the filters were dried in a microwave oven (Panasonic) at the maximum power level for three cycles of five minutes. The filters were then placed in a dessicator for five minutes and weighed. BOD, COD and TSS tests (APHA et al. 1992) were performed three times a week in order to determine the purifying performance of the systems, and to calculate the sludge age. The diluted, stirred SVI was determined using 500 mL of mixed liquor taken from the aeration tank, diluted with final effluent to 2g/L MLSS. The diluted MLSS sample was placed in a 1-L graduated cylinder equipped with two parallel stirring rods along the cylinder walls, a stirring support and a motor turning the rods at 1 RPM.
The four-assay set, composed of SOURat, SOURnmax, SOURtox and SATP, was applied as follows (Archibald et al. 2001 ). The SOUR measurements were done using two simple plexiglass respirometer (DO) cells, each with an adjustable (3-6 mL) volume and a Clark-type polarographic DO pressure sensor on the bottom. Each cell was stirred with a magnetic bar and water jacketed for temperature control. Teflon or polyethylene 1 mil (25.4 µm) thick membranes were used on the Rank and YSI DO probes.
The SOUR assays were performed on biomass samples taken from the aeration basins after aeration to 70 to 90% of O 2 saturation. A 3-mL aerated sample was placed in a respirometer (DO) cell and the rate of O 2 consumption recorded (SOURat). A 1.0-mL aliquot of the DO cell contents was then used to measure the SATP. To 2.7 mL of sample in a cell, was added 300 µL (10%) fresh, untreated effluent, and the rate of O 2 consumption measured (SOURnmax). For SOURtox, a 1.5-mL aliquot of sample and 1.5 mL of fresh, untreated effluent were placed in a cell and the O 2 consumption rate measured. The OUR measurements (mg O 2 /h) were reported as SOUR (mg O 2 /h/g MLSS), taking into account the MLSS concentration in the respirometer cell. The SATP was determined using a LKB model 1250 luminometer and the Sigma FL-AA adenosine 5'-triphosphate (ATP) bioluminescent assay kit as described in detail in Archibald et al. (2001) . The acute toxicity tests were performed in non-diluted final effluent and the results reported as percent mortality of trout and Daphnia. The test procedures followed those recommended by Environment Canada (1990) . Microscopic analysis was used to examine the following parameters: polysaccharide content, floc count, floc morphology, higher life forms count, and relative abundance of filaments as well as filament identification (Jenkins et al. 1993 ). The microscopic analysis on fresh samples was performed three times a week and the filament identification once a week. The observations were made with a Zeiss optical microscope equipped for brightfield and phase contrast.
Results and Discussion

Purifying Performance of the Laboratory Activated Sludge Systems
The term purifying performance refers to BOD, COD, TSS and toxicity removals of the system. The purifying performances of systems 1 and 2 during trial 1 were similar and equally good (Table 4) if we exclude the data collected during the black liquor shock period. In fact, for systems 1 and 2 respectively, an average BOD removal of 96.6% and 96.1%, an average COD removal of 69.3% for both systems, and an average TSS removal of 79.8% and 70.0% were obtained during the trial with the kraft effluent. No trout or Daphnia mortality was found in the course of trial 1 if we exclude the data collected during the black liquor shock period.
The purifying performances during the trial treating the low-yield sulphite/BCTMP/board effluent were also quite acceptable although slightly lower than for the kraft effluent with BOD, COD and TSS average removals of 94.8%, 66.3% and 57.5%, respectively. Episodes of acute toxicity were observed for trial 2, which reflects the heavy BOD and COD load on the system (Tables 3 and 4 ). In addition, since the low-yield sulphite/BCTMP/board effluent contained variable, high ammonia levels (Table 3) , some of these toxicity episodes were probably due to excess ammonia in the final effluent. An automatic control of the nutrient addition would have been useful with this particular effluent but the probes to do such a control were not available in the laboratory system.
Four-Assay Set as a Microbial Health Characterization Tool
To validate the four-assay set method as a microbial health characterization tool, we created two different types of shock in the laboratory systems. A temperature shock was directed towards physiological stress, while the simulation of a black liquor spill was directed towards organic metabolism.
Temperature shock
A temperature shock was created on system 2 of trial 1 on day 30. The temperature of the aerator was raised from 25 to 40°C for three days and then returned to 25°C on day 33 (Table 2 ). Figure 2 shows the four-assay set results for the period surrounding the temperature shock. We did an analysis of variance (ANOVA) statistical test on the data comparing the before, during and after shock periods. Table 5 compiles the results of the statistical analysis as well as the average purifying performances of the system for these periods. It was found that the system performances were not significantly (P > 0.05) affected in terms of BOD, COD, TSS and toxicity removals (Table 5A ). However, the ANOVA test on the four-assay set results (Table 5B ) indicated an increase in the metabolic rate of the microorganisms since the SOURat increase was found to be extremely significant (P < 0.001). This is not surprising since an important temperature shift creates many significant modifications in the synthesis rate of different enzymes involved in the cell growth (Lemaux et al. 1978; Ingraham et al. 1983 ). The ANOVA test did not detect any statistically significant changes between the before, during and after shock periods in the SOURnmax or SOURtox. The microbiology of the system did not become more sensitive to effluent chemicals during the temperature shock since the SOURtox profile followed the SOURnmax profile throughout the shock, leading to a MAX/TOX ratio below 1. The ratio AT/MAX increased very significantly (P = 0.001 to 0.01) which is interpreted as an increase in the utilized capacity of the system as a consequence of the system reacting to the temperature change. The ANOVA test found no significant changes (P > 0.05) in the SATP which supports the observation that the purifying performances were not affected by the temperature shock. Observation of the microbiology under the microscope also provided information on the health of the microorganisms. We observed that the temperature shock did not noticeably affect the relative abundance, the size distribution and the shape of the flocs, which is supported by the stable SVI (around 125) and TSS removal observed (data not shown). Nevertheless, the higher life form populations decreased drastically indicating a shock on day 30. This decrease was followed by a bloom of ciliates known to be an indicator of the recovery of the system (Cloete and Muyima 1997) (Fig. 3) . The filaments identified during the trial were mainly type 0675, type 1702 and type 021N, and corresponded to those normally present in the large-scale system of the mill. The presence of three filaments, with relative abundance of level 2, corresponding to 'some filaments' on the subjective scoring scale of Jenkins et al. (1993) , indicated a healthy system. The polysaccharide content was normal throughout the trial meaning the nutrient addition was sufficient (data not shown). Thus, although the system treating kraft effluent was able to handle a 15°C temperature increase without its purifying performances being affected, the four-assay set detected a change in the metabolic rate of the microbial population by reflecting an increase in the SOURat. Nevertheless, the shock did not seem to affect the microbial health enough to reduce the maximum capacity (SOURnmax) of the system or to induce microbial toxicity in the presence of 50% effluent (SOURtox). The SATP fluctuations were found to be not significant (P > 0.05) by the ANOVA test, indicating the viability of the microorganisms was not affected severely enough to destroy a significant portion of the microorganisms. According to the Dunnett's post test, which compares during and after shock periods to the before shock period (control), the system did not recover completely after the shock and the SOURat was still a little high compared to the period before the shock. The microorganisms seemed to adapt sufficiently to the stress since there were no further disturbances in the operation of the system. The temperature shock trial also revealed that the system of the kraft mill would probably be able to handle very well a sudden increase of temperature as high as 40°C for at least a few days. 
Spill of black liquor
A black liquor spill was simulated over a period of 5 hours on systems 1 and 2 of trial 1 starting at 10 a.m. on day 46 (Table 2) . Black liquor was added so that it accounted for 5% of the total volume of effluent to be fed and the pH was adjusted to 7.9 to avoid a pH shock. This spill concentration and duration were chosen to mimic a worst-case scenario at the mill. The mixed black liquor kraft effluent had a BOD load more than 10 times higher, a COD load about 15 times higher and a TSS load more than 10 times higher than the kraft effluent. This shock was chosen to validate the ability of the four-assay set method to diagnose a biological system under an organic metabolic shock rather than a pH or temperature one.
The shock was created on both systems of trial 1, but since the systems were affected very similarly, only results from system 2 will be reported here. The pH was maintained between pH 7.4 and 7.7 by the controller. In terms of purifying performance, Table 6A clearly demonstrates that BOD, COD, and TSS removals were drastically affected by the simulated spill of black liquor. Toxicity to trout and Daphnia reached 67% and 55% mortality, respectively, during the shock, while before and after no mortality was measured (Table 6A and data not shown).
In contrast to the temperature shock, the black liquor spill strongly affected the performance of the systems. Statistical analysis of before, during and after shock periods with ANOVA of four-assay set results revealed that changes observed in SOURat and SATP, respectively, were extremely significant (P < 0.001) and significant (P = 0.01 to 0.05), while changes in SOURnmax and SOURtox were non-significant (P > 0.05) ( Table 6B ). The high value of SOURat during the spill suggested that the system ran at its maximum capacity, since it reached the same respiration rate as the SOURnmax, which is supported by an average ratio AT/MAX of 0.94 (Table 6B ). Since the extent of purification dropped drastically, we can presume that even running at maximum capacity did not allow the system to handle all the pollutants. A certain decrease in SATP also indicated that a fraction of the microorganisms was destroyed during the spill, although the system recovered quickly as the SATP concentration obtained after the spill returned to normal (Table 6B ). The Dunnett's post test, which compares during and after shock periods to the before period control, also revealed that the system recovered completely after the shock. The SOURnmax and SOURtox were unchanged during the shock, even though the SATP revealed a certain destruction of microorganisms. This may be explained, at least in part, by the O 2 scavenger effect of some chemicals present in the black liquor which could mask decreases in SOURnmax and SOURtox respiration rates. For this reason, the SOURnmax and SOURtox were also performed with the kraft effluent without 5% black liquor. We then found that the SOURnmax and SOURtox were lower, especially 3.5 hours after the beginning of the spill. Hence, the weakness of the microbial population was confirmed, supporting the SATP decrease observed, as the SOURnmax/SOURtox ratio became higher than 1 with a value 1.27. However, we have to keep in Table 6A . The samples to determine purifying performances were taken in the morning so the effect of the spill on day 46 was observed on the sample taken on day 47.
b Test done at least 3 times a week. mind that an operator would not have access to effluent not containing the spill if a similar event happened at the mill. Observations of the microbiology under the microscope also provided indications on the health of the microorganisms. We observed that the shock of black liquor did not affect the relative abundance, size distribution and shape of the flocs, but it did favour filament growth, which explains the SVI increase from 125 to 215 observed (data not shown). In addition, the protozoan population decreased drastically, indicating a shock. The relative abundance of the protozoan species went back to normal within a week, indicating that the system had completely recovered in this time (Fig. 3) .
Thus, the system treating the kraft effluent was not able to handle the load increase associated with the black liquor spill without its purifying performances being affected. The four-assay set detected a change in the microbial health by detecting an increase in the SOURat and a decrease in the SATP. However, no microbial toxicity was detected from the SOURtox results and the maximum capacity of the system remained the same when the effluent containing 5% black liquor was used to perform the assays.
The Four-Assay Set as a Biological Early Warning Tool
Due to the routine fluctuations in four-assay set results (Fig. 2) , detecting a shock quickly cannot be done simply by comparing a data point to the one obtained the day before. The baseline concept overcomes this problem by defining a reference range of data corresponding to the optimized and stable system.
It is proposed that every system with a specific microbial population treating effluent with a specific chemical composition, has its own fourassay set profile. To verify this hypothesis, we established the baseline profile of the four-assay set for the same laboratory system treating either kraft mill effluent or treating total effluent from low-yield sulphite/BCTMP/ board mill. In addition to different effluent and sludge sources, different operating conditions were maintained (Table 1) to mimic the mill targets.
We determined, for each trial, the frequency distribution curves for each parameter of the four-assay set (SOURat, SOURnmax, SOURtox and SATP), as well as for the ratios (AT/MAX and MAX/TOX) during the periods where the systems were stable and at their optimal performances. Figure 4 presents an example of a typical frequency distribution curve obtained from Graph Pad Prism software, which shows the frequency distribution of SOURat data during the optimized period. The whole range of data was divided into a number of equally spaced groups (x axis) and the number of data falling in each group was expressed as a relative frequency (y axis). Table 7 summarizes the distribution frequencies of fourassay set parameters for the system treating kraft effluent and for the system treating low-yield sulphite/BCTMP/board effluent. From the most frequent group of data identified with distribution curves, we defined a range of values containing approximately 70% of the total data, which corresponds to the reference range of data (baseline) of the system. Analyzing the situation for the system treating kraft effluent, we can conclude that the system is quite stable because of the relatively narrow data range. The system treating total effluent from the low-yield sulphite/BCTMP/board mill showed more variability and a different data range. In fact, for the latter trial, in many cases several distinct most frequent groups of data exist for the parameters of the four-assay set. In addition, the range of data corresponding to approximately 70% of the data is Fig. 4. A) Frequency distribution for specific oxygen uptake rate of the aeration tank (SOURat) during the baseline period of system 1 of trial 1. B) Frequency distribution for specific oxygen uptake rate of the aeration tank (SOURat) during the baseline period of system 1 of trial 2. Group range of data corresponding to about 70% of the whole data.
wider and often composed of different distinct regions of total data range. These observations indicate the presence of sensitive microbial populations, which is supported by the SOURtox profile having significantly lower values than the SOURnmax of the system in this trial (Table 7) .
Thus, baseline ranges of data were significantly different from one effluent system to another according to their microbial activity. The notion of using a four-assay set profile as a baseline or a reference to detect stresses (BEW tool) seems to be possible for stable systems, such as the one treating the kraft effluent, while for the other system it seems that the fluctuations are too great to have a reliable reference profile. In this latter case, it might be more appropriate to use the four-assay set as a microbial health characterization tool only.
To verify our hypothesis that a shock can be detected quickly and simply by comparing four-assay set results to the baseline range established for that system while it was stable, we analyzed a temperature shock and a black liquor spill during trial 1 on system 2. Table 8 compares the baseline data range to the four-assay set results obtained throughout the trial. The grey zones represent the shock periods, and the bold numbers, the periods outside the baseline range. An increase in SOURnmax, SOURtox and SATP outside the baseline range does not indicate a deterioration of the system, so higher values were not marked in bold for these parameters. In addition, because the baseline range represents only 70 to 84% of the total data, the data close to this range can be seen as in the range if no other evidence shows the presence of detrimental effect on the microbiology. It is interesting to note that the bold numbers correspond mainly to the grey zone (except for numbers obtained on day 8, which reflect an inadvertent pause in the aeration for at least 24 hours). At the mill, a quality control chart, with dotted lines representing the baseline range, can be used to quickly find data points outside the range. Figure 5 shows an example of a quality control chart, where the first and second set of parallel bars represent respectively, temperature shock and the spill of black liquor periods. Hence, the four-assay set can be used as a BEW tool when referenced to a stable baseline range.
Conclusions
SOURat and SATP seem to be the most sensitive measurements in the four-assay set for the routine monitoring of biotreatment systems, since SOURat detected physiological shocks (temperature shocks) and loading-increase shocks (spills of black liquor), while SATP also detected loading-increase shocks. SOURnmax and SOURtox did not change during either shock. However, SOURtox did diagnose potential effluent toxicity to microorganisms for a heavily loaded system treating low-yield sulphite/BCTMP/board mill effluent. SOURnmax and SOURtox could then be viewed as parameters sensitive to chronic disturbances seen in biotreatment systems operating near their purifying limits or submitted to great variability leading up to unstable operation. To test the four-assay set method as two monitoring tools -a microbial health characterization tool and a biological early warning tool -we deliberately created two shocks on a stable activated sludge system in the laboratory. We demonstrated that the four-assay set can be used as a microbial health characterization (MHC) tool to identify operating conditions or events affecting the health of the microorganisms, since the statistical analysis of the four-assay set results revealed significant changes for both shocks. Hence, correlating the four-assay set results to operating data can help the operator to better understand the microbial element of the AS system as well as to anticipate similar shocks in the future. After using the four-assay set as a MHC tool, the operator has a better idea of the AS operating margins. In the case of a temperature shock, the operator now knows that the system may run at 40°C for 3 days without any impact on the purifying performances of the system. For example, in case of a cooling tower failure, the operator would know that the system could handle a 3-day, 40°C episode and hence would not panic and could keep an eye on the microbial characteristics by looking under the microscope to complement the four-assay set results. In the same way, having correlated the four-assay set results with some operating data (loadings, purifying performances), the operator knows that he doesn't have a large operating margin in the case of a black liquor spill. If a similar situation occurs in the future, he will anticipate and may reduce the impact on the purifying performances by diverting some flow to the spill basin thereby increasing hydraulic retention time, or by increasing the aeration rate and the RAS flow to improve biodegradation of the organics coming from the spill. The operator also knows the system will recover its purifying performance rapidly (within a day) and within a week in terms of its microbial characteristics (microscopic information).
We also found that the four-assay set can be used as a BEW to detect temperature shocks and black liquor spill for a stable system treating kraft effluent, although some weaknesses have been revealed for this application. We observed that for systems submitted to heavy load, the use of BEW tool is not appropriate since the baseline range of four-assay set results is too wide and variable to allow detection of four-assay set data points outside the range. The value of a BEW tool being closely related to the measurement frequency, a big limitation in using the fourassay set as a BEW tool is that there are no continuous, on-line measurements. Applying the four-assay set once per day would reveal only shocks occurring in that particular timeframe. However, since no other effective on-line BEW tool assessing microbial health exists for the biotreatment of pulp and paper effluent, applying the four-assay set daily can at least complement physiochemical operating data like pH, conductivity, BOD, etc.
As a routine monitoring tool, the four-assay set is probably more valuable as a MHC tool than a BEW tool. As such, the four-assay set can be used in the laboratory to determine operating limits of a particular system for parameters such as pH, temperature and chemical spill concentration. 
